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Dr. William Woodard 
U.S. Department of Energy 
ER-6, 3F-061 

Office of Energy Research 
1000 Independence Ave . , SW 
Washington, DC 20077-9381 

Dear Dr. Woodard, 

My cold fusion work does not use electrolytic cells. Instead, I have chosen 
to develop a method of loading palladium (and other materials) with deuterium 
using a plasma. In addition, I have tried to reproduce the results of 
Scaramuzzi at the Centro Energia Reserchei Frascatti and Menlove at Los Alamos 
National Lab using high and subatmospheric deuterium pressures and temperature 
to load Ti and Pd. 

I have used an RGA to look at the mass spectra of gases in these experiments . 
Masses of 1, 2, 34, 5 and 6 amu were observed but can be explained by the 
presence of H + , D , DH + , D 2 + , D 2 H + and D 3 + respectively. I am planning to 
accumulate gas samples and have them analyzed for tritium decay in the near 
future . 

I have observed very low level neutron emission from the plasma loaded 
palladium experiments indicative of a fusion rate of about 1 x 10 fusion 
reactions per D 2 per second. Additionally, prompt gamma emission at 8.11 MeV 
was observed in these experiments. I presently do not understand the 8.11 MeV 
gamma emission. With regard to the pressure and temperature loading of 
palladium, I have observed bursts of neutrons. I have used two helium-3 
detector redundancy for these experiments. My best results have come from Pd 
powder . 

If you have any further questions, please feel free to contact me. 

Sincerely, 


Mark A. Prelas 

Professor and Ketchum Research Professor 


Enclosure 

c: Jacob Bigeleisen 

MAP/mld 


an equal opportunity institution 
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Experiments are being performed to initiate the cold 
fusion process in Maxwellian plasmas p"d sub-atmospheric 
deuterium gas. Thus far, neutron counts have been 
observed using a BF 3 probe and Ludlum model 2200' digital 




Experimental Setup 


• The Modified Missouri Magnetic Mirror Ex^iriment 
(M4X) is used as the source for the Ma .vellian 
plasma and as the pressure vessel for the sub- 
atmospheric deuterium tests. 


• The diagnostic package used for the cold fusion work 
includes: 

X* 

BF 3 probe with Ludlum model 2200 digital 
counter for neutron detection 

Sodium Iodide detector with a Nucleus PC II 
MCA for gamma spectroscopy 

Two Geiger counters to measure gamma rays 


Gold 


I foils 


for neutron detection 




0 




Langmuir Probes for electron temperature, 
density, and distribution function 


measurements 

Variable Energy Analyzer for ion temperature, 
density, and distribution function 
measurements 


Thermocouples on both the palladium sample 
and the BF 3 probe 

Bolometer for charged particle measurements 
Residual Gas Analyzer for gas analysis 
Helium Leak Detector for He detection 











The M^X is a microwave heated plasma device capable of generating 
a wide range of plasma conditions and is a recent upgrade of the 
Missouri Magnetic Mirror Prototype experiment (M3pX). The 
differences between the two devices is shown in Table 1. (It should 
be noted that by varying microwave power the bulk electron 
temperature can vary from 1 eV to 10 eV and the bulk ion 
temperature from 0.5 eV to 10 eV.) This new experimental device, 
the M4x, uses water cooled copper coils. The M^X device has 
incorporated an upgrade to the coil power supplies which allows 
electron cyclotron resonance heating with a 10.5 GHz, 10 kilowatt 
power supply obtained on surplus in addition to the 2.45 GHz, 2.5 kW 
power supply already being used. Some additional work has been 
done on the vacuum vessel of this device which improves the 
conductance to the vacuum pumps, and improves diagnostic 
accessibility. Additionally, a 10 kilowatt tuneable RF power supply 
(2 to 5 MHz) has been added for ion cyclotron resonance heating 
experiments. The availability of the electron cyclotron resonance 
heating and the ion cyclotron resonance heating will provide a 
variety of ton temperatures. Additionally, the vacuum vessel of the 
M 4 x has a gas manifold which will allow a choice of ion masses. 




H (radius of point cusp) 


r2 (radius of line cusp) 


max B r 


max Bz 


ECR Heating (2.5 GHz 


ECR Heating (10.5 GHz 


0.15 meter 


0.42 meter 


0.13 meter 


0.1 Tesla 


0.17 Tesla 


2.5 kW 


OkW 


ICR Heating (0.1- 2 MHz) 1 kW 


ICR Heating (2 - 5 MHz) |o kW 



Bulk Ion Tern 


Plasma Volume 


10 16 nr 3 


15 keV 


1 to 2.5 eV 


1 keV 


0.5 to 5 eV 


the M 3 PX and the M 4 X. 



vHx 


0.15 meter 


0.42 meter 


0.13 meter 


0.4 Tesla 


0.68 Tesla 


2.5 kW 


10 kW 


1 kW 


10 kW 


1018 m -3 


500 keV 


1 to 5 eV 


15 keV 


0.5 to 10 eV 


9 liters 









































Data Acquisition 


The VEA, Bolometer, Langmuir Probe.Thermocouples, and 
machine status ( Magnet current, microwave power, 
vacuum) were all taken on a digital data acquisition 
system. Analog signals were channeled to a Bi Ra 5909 32 
channel A/D converter in a CAMAC crate then loaded via 
GPIB to a Macintosh II . Data on the actual current to the 
probe was also taken in this fashion. Initial analysis and 
storage was accomplished with Labview software 
developed by National Instruments. All other data was 
taken manually and recorded in bound notebooks. 




Experiment #1, 3/27 to 4/16 


Palladium tubing crushed into the shape of a 
flat rectangular disk (7 mm by 7 mm by 0.25 
mm) 

The palladium was mounted in a very special 
design using a nickel grid to enhance ion 
current to the palladium 

The palladium sample was placed in the point 
of the M4X operating in the mirror mode 

A base pressure of 9x1 0- 7 Torr was 

established on the palladium sample for 24 
hrs 

A low Ar flow rate was established in the M4X 
A plasma was formed with microwave heating 
Background neutron readings were taken 
A low D 2 flow rate was established in the M4X 
Neutron and gamma ray readings were taken 



The cold fusion target was designed to fit into the mirror field point 
of the M4X as shown in Figure 1. 


Direction 
of Current 
in Magnet 




Figure 1. Location of the Mirror field point. 

The target was designed to have the optimum capability to collect 
ions. Using a simple electrode like a Langmuir probe would lead to 
low ion currents due to Debye shielding effects. Therefore the 
Fusion Flesearch Laboratory's expertise in ion energy analyzers was 
used to design a grided target which collects several orders of 
magnitude greater current than a Langmuir probe or an electrode. 
The design is shown in Figure 2. 



Figure 5. Design of the target used in our cold fusion experiment. 
















Summary of Results from Experiment #1 


• Apparent neutron readings above background 
were measured during a plasma discharge 
and after a plasma discharge 


Apparent gamma ray readings above 
background were measured after a plasma 
discharge 


Qi 



Experiment #2, 4/17 to 4/27 

A new sample of palladium was made from 
crushed palladium tubing (7 mm by 7 mm by 
0.25 mm) 

The palladium sample was put into the M4X 

Background readings were taken with Ar and D 2 
plasma while the sample was being built 

The M4X achieved a base pressure of 7x10-7 
for 48 hrs 

During pumpdown, neutron readings were made. 
Neutrons were being produced at copious 
rates of 9.9 neutrons per min for 9 hours. 



Experiment #2, 4/18 to 4/27/89 Neutron Counts 
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Summary of Results from Experiment #2 


• Apparent neutron counts were measured in a 
low pressure deuterium gas (about IxlO 5 
Torr) 


Counts can be produced at sub-Torr 
pressures 


As the sample was being heated, the neutron 
counts quickly dropped to background level 

There is a potential temperature effect 
where lower temperatures favor 
apparent neutron counts. 
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Experiment #3, 5/12 to 5/20 


• A palladium foil was purchased and used (25.4 

mm by 25.4 mm by 0.5 mm) 

• Both plasma and pressure were used to 

initiate the neutron counts 

• Neutron counts were observed at both 

relatively high D 2 pressure and very low D 2 
pressure 



Experiment #3 5/12/89 to 5/20/89 — ^ — Neutrons 
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Summary of Results from Experiment #3, 5/12 to 5/22 

• The neutron count rates were enhanced by both 

low and high pressure D 2 

• There appears to be cyclic behavior in the 

neutron count rate (counts were staggered 
between day, evening, and early morning) 

• An unusual 8.1 MeV peak was observed on one 

of the experimental runs. 
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Energy Research Advisory Board 

to the eg c 

United States Department of Energy 5 

1000 Independence Avenue, S.W. f p 

Washington, D.C. 20585 , 0 p 

(202) 586-5444 1 


September 1, 1989 

Subject: Chairman's July 20 Request for Summaries of Past and Present Cold 

Fusion Research and August 9 Request for Tritium Production 
Results 

The following have been received to date from the following individuals in 
response to the above requests: 

H. L.R. Greenwood, ANL (response to August 9 request) 

I. F. Besenbacher, University of Aarbus (response to July 20 request) 

J. N.J.C. Packham (for Bockris), Texas A&M (response to August 9 request) 

K. J. Paquette, Atomic Energy of Canada, Ltd. 




INDEX 


A. Bo U.R. Sundquist, Uppsala University (response to both requests) 

B. W. Scheid, Giessen University (responses to both requests) 

C. M.M. Broer, AT&T Bell Laboratories (response to August 9 request) 

D. J. Eridon, Naval Research Laboratory (response to August 9 request) 

E. Y.E. Kim, Purdue University (response to July 20 request) 

F. A Schriesheim, Argonne National Laboratory (response to July 20 request) 

G. M.A. Prelas, University of Missouri, Columbia 

H. L.R. Greenwood, ANL (response to August 9 request) 

I. F. Besenbacher, University of Aarbus (response to July 20 request) 

J. N.J.C. Packham (for Bockris), Texas A&M (response to August 9 request) 




ARCONNE NATIONAL LABORATORY 

9700 SoutIh Cass Avenue, Arcjonne, IlliNois 60459 


Telephone: (312)972-4351 


August 23, 1989 


J. R. Huizenga 
Co-Chairman, ERAB 
Panel on Cold Fusion 
ER-6 3F-061 

U.S. Department of Energy 
1000 Independence Avenue, S.W. 
Washington, D.C. 20585 


Dear Mr. Huizenga: 

I have been asked to reply to your letter of August 9 regarding our 
tritium measurements in electrolytic cells during our "cold fusion" 
experiments at Argonne. The enclosed summary answers the questions in your 
letter based on experiments conducted by C. A. Melendres and myself during 
April 1989. The tritium measurements were conducted by D. L. Bowers of our 
Analytical Chemistry Laboratory. All of our results have been negative in 
that we have seen no excess heat, no tritium production, and no neutron or 
gamma production. 


a 


If you have any further questions about our measurements, please give me 
cal 1 . 



Sincerely, 




Lawrence R. Greenwood 
Chemical Technology Division 


LRG:cew 

Enclosure 


U.S. Department of ENERqy 


The UNivERSiTy of CkcAqo 



Summary of Tritium Production in "Cold Fusion" Experiments 
L.R. Greenwood and C.A. Melendres 
Argonne National Laboratory 


1. The D 2 O used in our experiments was purchased from Aldrich Chemical 
Co., Milwaukee, WI, in 100 g bottles with an isotopic purity of 99.8% D. 
Analysis of the initial tritium in the D 2 O gave a rate of 70 dpm/ml 
corresponding to a tritium/deuterium ratio of 9.0xl0 -18 or 6.7xl0 8 atoms of 
tritium/ml of D 2 O. LiOD was added to the solution; however, no additional 
tritium was detectable due to the LiOD. 

2. The electrolytic cell was a standard H-type glass cell with the 
anode and cathode compartments separated by a medium porosity glass frit. A 
third compartment housed a calomel reference electrode with a Luggin capillary 
bridge to the Pd cathode. The D 2 O volume was about 90 ml. Various Pd 
cathodes were used consisting of foils, cylinders, and wires (see Table I). 

The longest run used a 1 mm od by 10.6 cm wire of Pd. 

3. Operating conditions for a number of experiments are listed in 
Table I. For the longest run (6) at a current density of 125 mA/cm 2 , the 
solution was 0.5 M LiOD in D?0. The experiment was run for 144 hours. The 
temperature in the working electrode compartment varied from 40 to 60°C during 
the course of the experiment. D 2 O loss was replenished. 

4. D 2 O was added to the cell three times a day, in the morning, at 
midday, and late in the afternoon. The volume added varied from a few cc up 
to 10-15 cc. 

5. Tritium analyses were performed by liquid scintillation counting. A 
0.1 ml sample was taken from our cell daily and added to a standard liquid 
scintillation cocktail. Since the LIOD makes a highly basic solution, 0.1 ml 
of 0.5 M HCL acid was added to neutralize the cocktail prior to analysis. 
Without this acid addition, chemical luminescence effects may have been seen. 
The count rate and energy spectrum was then measured with a Packard model 
2050CA Liquid Scintillation Analyzer. The background counting rate was 5 
counts per minute. The D 2 O tritium background was 70 dpm/ml, as given above. 
No additional tritium was ever detected above our background level. 

Integrating over the time of our experiments, we can place a limit on the 
tritum production at less than 100 atoms of tritum per second or 1 t/s/ml of 
solution. 


6a. Neutron Production. Neutron measurements were performed with a 
boron-loaded liquid scintillator detector measuring 12 cm diameter by 5 cm 
thick coupled to a 12 cm diameter phototube. 10 B-trimethyi borate was added 
to detect thermal neutrons and fast neutrons could also be detected by proton 
recoils. Polyethlyene bricks were placed around the cell and detector to 
enhance our chances of detecting a neutron. The detector was located about 
7 cm from the center of the cell and we estimate that the net efficiency for 
2.5 MeV neutrons was about 15%. Pulse shape discrimination was used to 
suppress gamma rays. The observed neutron background was about 30 counts per 
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minute and natural variations in background were observed up to 10% while the 
electrolytic cell was not in operation. No neutrons were detected above 
background placing a limit on neutron production of less than 1 neutron per 
second or 0.01 n/s/ml of solution. 

6b. Gamma Production. Gamma measurements were performed with a 7.6 x 
7.6 cm Nal detector located at about 7 cm from the center of the cell. An 
energy window was set for all gammas above 1.9 MeV and the spectra were 
recorded. The background was determined to be about 100 counts per minute, 
even with some lead shielding, primarily due to radon (214gi ) and 40 K. It was 
noted that radon decay produces strong gamma lines near 2.2 MeV (2119, 2204, 
and 2448 keV). Furthermore, the radon background varied strongly from day to 
day. The polyethlyene bricks were also intended to enhance the conversion of 
neutrons to capture gammas. Using the calculated photoefficiency of Nal as 
0.6%, we can say that the gamma production was less than 50 per second or 
0.5 gammas/s/ml of solution. 

7. No excess heat or tritium was detected. 

8. Several other programs in our building use tritium or analyze for 
tritium routinely. The liquid scintillation detector is also used routinely 
for tritium analyses. 

Additional Comments : 

Regarding tritium production, it is possible that preferential 
evaporation and absorption effects for deuterium could lead to some 
enhancement of the tritium/deuterium ratio in the cell, especially after 
prolonged operation. Neutron detection is complicated by the large and 
strongly varying background. Gamma detection of a 2.2 MeV line could easily 
be confused with radon, especially due to the strong daily variations in the 
radon background. Nevertheless, we should have had no difficulty in seeing 
the production rates reported by M. Fleischmann and S. Pons; however, 
detection of the much lower rates reported by S. Jones would clearly be more 
difficult. 
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DET FYSISKE INSTITUT, AARHUS UNIVERSITET 
Institute of Physics, University of Aarhus 


Aarhus, August 23 


Dear Dr. Huizenga. 


Please find enclosed three papers dealing with cold fusion 
aspects. Two of them is part of on ongoing program dealing with 
hydrogen interactions with metals. I am enclosing also an earlier 
review paper dealing with these aspects. 



A J J 


nrtr , ox. i occoo 


For- RA n H7 AO 


SEARCH FOR COLD FUSION IN PLASMA-CHARGED Pd-D AND Ti-D SYSTEMS 

F. Besenbacher, B. Bech Nielsen, P. HornshbJ , 

E. Laegsgaard, and N. Rud 
institute of Physics, university of Aarhus 
DK 8000 Aarhus C, Denmark 


abstract 

to investigate whether cold fusion of deuterium (D) can oc- 
cur in solid Pd and li as proposed recently, we have searched 
for the D-D fusion reaction in plasma -charged Pd-D and Ti-D. In 
a small reaction cell, a DC glow-discharge was established in a 
deuterium gas between two electrodes, with a Pd or Ti sample 
placed on the cathode. A thin (50 A) Cu film was evaporated on 

the surface of the Pd samples to establish a barrier reducing 

the escape of D from the samples. Neutrons were detected with a 
liquid scintillator, and conventional pulse-shape discriminatron 
technique was employed to distinguish gamma counts from neutron 
counts. NO indication for a neutron count rate in escess of the 
natural background level was observed. 


It has recently been suggested [1-3] that cold fusion occurs 
in hydride-forming metals (Pd and Ti, charged with deuterium (D) 
in electrochemical cells. The conventional channels for D-D re- 

actions are 

D +D , 3 He( 0 . 817 MeV) + n(2.452 MeV) 

3 H( 1.008 MeV) + p( 3 . 025 MeV) 

Fleischmann, Pons, and Hawkins [1] reported a neutron yield 

at about 2.5 MeV and at a flux of 4.10* s' 1 from a 15 g Pd rod. 
measured with a neutron dosimeter with an efficiency of 2.4 


_ However the heat generation reported by these authors 
would require rates from the reactions (1) and (2) which were a 
factor 10’ higher. On the other hand, Jones et jil [2] detected 
2.4 MeV neutrons at rate of only 0.04-0.06 s’ 1 [2.3]. with an 
efficiency of 1% and 3 g Ti, they quoted a "cold fusion rate" 

for d+d: 1 £ .10- 23 fusions/deuteron. pair /sec [2.3] and no heat 


excess . 


However, based on our previous studies of D in Pd [3-6] and 
other metals [5.7-9], we find it difficult to understand why 
cold fusion should occur. It is known that D occupies the octa- 
hedral (0 h ) internal site in Pd [5,10], and when the atomic 
concentration ^ D in the Pd lattice exceeds one, D starts to 
occupy the tetrahedral (T h > interstitial sites [10,11]. In addi- 
tion. D atoms are bound rather strongly to defect traps (e.g., 
vacancies) and impurities [5,7-9]. In particular, multiple occu- 
pancy of vacancies has been observed both theoretically and ex- 
perimentally (one vacancy can bind up to six D atoms [12-13]). 
However, irrespective of the D-site occupancy or the occupancy 
of traps (e.g., vacancies), the D-D distances are always larger 
than that for the D-D separation in a D 2 molecule (0.74 A). For 
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In the present study, a fourth possibility, to search for 
cold fusion in plasma-charged D-Pd and D-Ti, was tried out. A DC 
glow-discharge was established in a deuterium gas between two 
water-cooled Cu electrodes, 4 cm apart, in a small reaction cell 
which is pumped by a normal diffusion pump. The background pres- 
sure was 1x10' 6 torr, and the pressure of the D 2 gas varied be- 
tween 1 and 5 torr. The Pd and Ti samples, with a surface area 
of approximately 1 cm 2 , were placed on the cathode, and the DC 
voltage across the plasma varied between 200 and 400 V. The cor- 
responding current drawn varied between 2-6 mA. 

A thin (50 A) Cu layer was evaporated onto the Pd samples. 

The heat of solution of D z in Cu and Pd is 0.55 eV and -0.18 eV, 

respectively (9,10], measured relative to the energy level of a 

D molecule. Thus, by embedding an exothermic metal Pd in a thin 
2 

layer of Cu, which is highly endothermic to hydrogen uptake, we 
establish a barrier which prevents/reduces the escape of D from 
the Pd at least at room temperature. 

The impinging deuterium with energies ranging up to 200-400 
eV loses approximately 100 eV during the penetration of the Cu 
layer and thus enters the Pd host with an energy below the 
threshold for creation of Frenkel pairs. The deuterium ions 
thermalize very quickly in the Pd host, within the first 50 A 
[17]. One could worry that the bombardment of an approximately 
100 A thick surface deutride could give a detectable neutron 
yield. However, with a D-D fusion cross section given by: 

o ( E ) * (2S(E)/E) ‘ exp (-P/JE) 

fusion neutron S— function is 53 keV barn, and p- 

44.4021 (keV) 1 ^ 2 for energies less than a few keV [18], it can 

be estimated that for a incident D current of 6 mA and a D ener- 



gy of 500 eV, approximately 1.7xl0"' 4 neutrons are produced per 
minute. Such a "surface effect" can thus be neglected. This fact 
was also tested experimentally by increasing the DC potential 
over the plasma to 800 V, and no change in the neutron count 

rate was observed. 

Neutrons were detected with an NE213 liquid scintillator (5" 
diameter and 2" thick), coupled to a fast photomultiplier tube. 
The pulse-shape discrimination (PSD) technique was employed to 
distinguish gamma counts from neutron counts, i.e., the diffe- 
rence in zero crossing time of the differentiated pulses was 
measured. The intrinsic efficiency of the^Nneutron counter was 
20% as determined with a calibrated AmBe neutron source, with 
the threshold set at about 80-lQ^fceV (electron-equivalent), 
corresponding to neutron energies of 400-500 keV. The neutron 
counter was placed 5 cm away from the sample in the reaction 
cell, and the detection efficiency for neutrons in the sample 
geometry was 3%. Besides the time spectrum, which separates the 
gamma and neutron counts, a two-dimensional energy-time spectrum 
was set up, and our interest especially focussed on the region 
where 2.4^IeV neutrons from the D-D reaction were expected. 

The samples were charged with deuterium during the measure- 
ments which continued for periods up to two weeks. With a DC 
current of 6 mA, it takes approximately 8 hours to saturate 1 \im 
Pd with D. The amount of D in the 1 iim sample was detected by 
means of the 3 He(D,p) 4 He nuclear reaction [7,19] and found to be 

D/Pd=0 . 8±0 . 1 . 

The background neutron counts were measured by removing the 
P (3 or Ti samples containing the D^ gas, by removing the D^ gas 


by pumping, and by measuring on a thick (3 mm) Pd crystal so 
that we had only D in low concentration in solid solution in the 
Pd crystal. The three different background measurements were in- 
ternally consistent witin the statistical uncertainty. The de- 
tected background neutron level was 0.6 n/min, corresponding to 
a background of 0.3 n/s. The experimental setup was placed two 
floors below ground level and shielded by 10 cm thick lead 

bricks. 

In Table 1, the experimental results are listed. As can be 
seen, measurement were carried out on three different Pd 
samples, an evaporated one, a cold-worked one, and a single 
crystal, to see whether the defect structure had any influence 
on the results. Futhermore, one Ti sample, charged from the gas 
phase to a stochiometry of TiD i>28 prior to the measurements in 
the reaction cell, was also investigated. As can be seen from 
the table, no increase in the neutron count rate above the 
background level was observed. From the measurements in Table 1, 
an upper limit on the "cold fusion rate" for D+D is found to be 

5x10* 2 4 fusions/deuteron pair/sec. This is of the same order 
of magnitude as the value stated by Jones et al [2,3] but 
significantly lower than that extracted from Pons and 
Fleichmanns results [1]. 

In conclusion, we find no evidence for cold fusion from our 


measurements . 
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Table 1 


Four different samples were used: 

1 (im Pd, evaporated, with 50 A Cu on top 
25 ^m Pd, cold worked, with 50 A Cu on top 
1 [im Pd, single crystal, with 50 A Cu on top 
1 p Ti , charged from the gas phase to TiD i>2g prior to 
submission in the reaction cell* 

Measured Count rate 

0. 59i0.01 n/min 
0. 60±0.01 n/min 
0. 62*0.01 n/min 
0.61*0.01 n/min 
0.60±0.01 n/min 


1 : 

2 : 

3: 

4: 

Background 
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TEXAS A&M UNIVERSITY 

DEPARTMENT OF CHEMISTRY 
COLLEGE STATION, TEXAS 77843-3255 

August 23, 1989 


Dr. William Woodard 
U.S. Department of Energy 
ER-6 3F-061 

Office of Energy Research 
100 Independence Avenue , SW 
Washington, DC 20077-9381 

Dear Dr. Woodard, 

In reply to your letter to Dr. Bockris of August 9, 1989, requesting 

information about our tritium work, Dr. Bockris has asked me to provide the 

relevant information. In general, almost all of your comments are answered in 
the enclosed paper which has been accepted for publication in the Journal of 
Electroanalytical and Interfacial Electrochemistry. However, there are a few 
points which I will answer here: 

Point 5d By PhD n , I assume you are referring to the Pd/D ratio in the cells 
that produced ^H. This investigation was not performed. 

Point 6 (Neutron production) Please refer to Dr. Kevin Wolf's report for 

this information. 

Point 7 (Heat production) Due to the size of the electrodes (in general 1mm 
x 4cm) , the amount of heat produced concomitant with the tritium 
would not have been able to have been detected in our present 
calorimeters. Therefore, none of the cells in which tritium is 

reported were ever put into a calorimeter. 

Point 8 (Tritium Sources) There is a small supply of tritiated water present 
in our laboratories in a room 2 floors above the labs in which our 
cells were running. There was also a positive result in the 
Cyclotron Institute in which there is no tritium supply. 
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PRODUCTION OF TRITIUM FROM D 2 0 ELECTROLYSIS 
AT A PALLADIUM CATHODE 

N.J.C. Packham, K.L. Wolf, J.C. Wass , R.C. Kainthla and J.O'M. Bockris 
Department of Chemistry and the Cyclotron Institute, Texas A&M University 

College Station, Texas 77843 

INTRODUCTION 

In the present communication, we report data that may be relevant to the 
phenomenon of room temperature fusion [1], It is the contention of the authors 
that the alleged phenomenon is better characterized by the production of 
nuclear particles than by the measurement of bursts of heat. Here, we describe 
the observation of tritium produced in eleven D 2 0 electrolysis cells at levels 
lO^-lO- 3 times above that expected from the normal isotopic enrichment of 
electrolysis. Particular attention has been paid to possible sources of 
contamination. 

EXPERIMENTAL 

Pd cathodes of diameters 1 to 6mm were subjected to D 2 evolution from 
D 2 O-O.IM LiOD electrolysis. The resulting solutions and the gases were 
examined for tritium. 

Samples of liquid electrolyte were measured using liquid scintillation 
counting. 

In all cells, measurements were made for the activity of ^11 in solution, 
and in one cell, gases evolved were recombined external to the cell using 0.5% 
platinum on alumina catalytic beads (recombination catalyst) . The resulting 
liquid was analyzed in the same way as the electrolyte samples. 

Twenty four electrochemical cells were fabricated using 15 ml Pyrex 
centrifuge tubes. The ends of the tubes were sealed with Viton rubber septa, 
through which electrode connections were made. Palladium samples supplied by 
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Hoover and Strong (Richmond, VA) , via the Texas Coin Exchange, 1 mm by 4 cm, 
and 3mm by 4 cm in dimension (99.9% purity) were prepared as shown in Table 1. 
6mm x 4cm electrodes were obtained from SurePure Chemetals Inc. All electrode 
connections were made using 99.9% pure nickel wire (0.5 mm), spot welded to 
the palladium wires. The nickel connections were fed through the septa, to 
form an air-tight seal. Nickel gauze anodes (99.9% pure) used in all cases, 
were washed in 5N HC1, then in D 2 O, and allowed to air dry. A 0 . 1M LiOD 
solution was prepared using 99.9% pure lithium metal from Alfa associates, 
which was added to 1 liter of 99.9% pure deuterium oxide (Aldrich Chemical 
Co.), in an atmospheric bag containing argon. Additions to the cells (D 2 O, 

LiOD refilling) were made through the rubber septum using disposable syringes 
(one use only), equipped with stainless steel needles. Gases evolved during 
electrolysis were allowed to escape through a needle, pierced through the 
septum, attached via Tygon tubing to a mineral oil bath to avoid light water 
contamination. In general, the lmin cells were at first run galvanostatically 
at 60 mAcnT^ for 14 to 16 days, the 3mm electrodes being charged for up to 28 

days. Throughout this period, additions of D 2 O were made (1 to 2 ml per day at 

low current density and up to 3 to 4 ml per hour at high current density). The 

potential and current density through each cell was monitored 24 hours a day. 

After the time stated, the current density was increased to 500 mAcm for 
periods up to 12 hours. Samples of electrolyte were withdrawn for tritium 
analysis from the cell using a sterile syringe (later discarded). 

Tritium analysis was performed on the alkaline electrolyte by in-situ 
Liquid Scintillation Counting (LSC) . Three counters were used in these 
analyses. The first of these is a Wallac LKB model 1219 LSC; the second, a 
Wallac LKB model 1410, and the third an instrument constructed in the 
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Cyclotron Institute. A water soluble scintillation cocktail (Biosafe II, 
Research Products International Corporation, 15 ml) was added to 1 ml of 
sample, and allowed to stand under cover for 30 minutes before counting, which 
was found to be sufficient for elimination of chemiluminescence contributions 
for the work reported here. The samples were then analyzed in a double -blind 
fashion (with respect to the operator of the counter) . Multiple blank samples 
of H 2 O, D 2 O, and 0.1M LiOD were included for analysis. Evidence for 
chemiluminescence of the scintillation cocktail had been discovered when 
samples of 1M LiOD had been analyzed. Therefore, a test was made using samples 
ranging from 1M to 0.01M LiOD, and including samples tha| had been neutralized 
by potassium hydrogen phthalate (KHP) . Results of these experiments are shown 
in Fig.l, which set the criterion for eradication of chemiluminescence. 

Samples run 24 hours later, show no significant change in activity levels. The 
efficiency of the model 1219 detector for tritium in the samples was 33%, for 
the model 1410 around 40%, and for the counter constructed in the Cyclotron 
Institute, around 30%. One minute and ten minute analyses (some samples were 
run overnight) were performed. A detailed analysis of the energy spectra from 
the Cyclotron Institute counters yielded the correct /? energy end point for 
tritium (18keV) . The results are given as counts per minute (cpm) per ml of 
sample, and as disintegrations per minute (dpm) per ml of samples. The 
conversion factor is given by: 

dpmml' 1 - (cpmml" 1 samp i e ' c P m cocktail'* x ( V / E ) > 
where E is the efficiency of the detector and V is the volume factor to give 

results per ml of sample. 

After the analysis at Texas A&M, an examination of the tritium content of 
liquids resulting from the electrolysis, including a tritium (HTO) standard 
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and blanks of LiOD and D 2 0, was made by Los Alamos National Laboratory 
(National Tritium Center), Argonne National Laboratory, Battelle Pacific 
Northwest Laboratory and at the General Motors Research Laboratory. These 
results are shown in Table 2. 

One of the cells used in the experiment (cell A8) also featured an 
external gas recombination arrangement using 0.5% platinum on alumina pellets 

_ O 

which gave close to 100% recombination at low current densities (50 mAcrn'^) . 

The tritium production of this cell was followed for a further period of 

n 

time. It had been charged at low current density (50 mAcin'^) for 16 days, and 
then put to 500 mAcm' 2 for 8 hours, after which, it was returned to the 
charging current, since the levels of tritium were at background. After 4 
weeks, the recombination catalyst was put in place, and the recombinant was 
collected for 2 weeks. After this, the activity in the recombined gas and the 

XV 

electrolyte was measured on the 1410 LSC, resulting in the highest level found 
in all 9 cells. These results are shown in Table 3b. 

Another cell (cell A2) was tested for tritium over an extended period of 
time. It was initially run at low current density for 16 days, followed by a 
10 hour period at high current density, after which, tritium was not produced. 
The cell was then transferred to the Cyclotron Institute where it remained at 
low current density for another week, with no tritium production. On May 6, 
the current was increased to 110 mAcm' 2 for two hours, increased again to 300 
mAcm' 2 for 20 minutes, decreased to 90 mAcm' 2 for seven days at which point it 
was returned to 50 mAcm' 2 until June 22. The tritium content of the solution 
was monitored during this time and the results are shown in Fig. 2, which 
limits the apparent production period to approximately 2 days. 

In one of the cells (cell A7) the build up of tritium as a function of 
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time was followed in more detail at high current density. The results shown in 
Fig. 3. place a limit on a period of production of approximately 12 hours. 

The possibility that tritium was present in the D 2 O, and the Li is ruled 
out by the results of Tables 3a and 3b. Each batch of D 2 O that was used for 
refilling the cells was analyzed for tritium content, both on the 1219 
instrument (Table 3a), and the 1410 (Table 3b, shown as a mean of 10 results). 
Several experiments were run in which no tritium was observed, . including 
identical cells to the ones which did produce tritium, except for the 
electrolyte, which was 0 . 1M LiOH in H oO (Tables 3b and 4). Possible 
contamination from the nickel anode was examined by dissolving an unused piece 
of nickel from the same large sheet used for all counter electrodes in 
concentrated nitric acid, followed by neutralization and then counting, with 
negative results. 

Samples of virgin palladium and nickel of the same batch used for all 1mm 
Pd cells were sent for analysis to Los Alamos National Laboratory. Thermal 
descorption mass spectrometry was used and no tritium was found in either 
electrode material (and likewise use for the last 4 entries in Table 4. , i.e. 
D 2 O and H 2 O blanks). In addition, palladium is used throughout as a cathode , 
the electrochemical nature of which would tend to drive H (D,T) into the 
cathode, rather than evolve tritium from within the electrode. 

Interference with the experiments is considered improbable because of 
positive results from the Cyclotron Institute to which entrance is prohibited 
except by the usual personnel at the Institute. There are also no supplies of 
tritium at the Cyclotron. In advertent contamination is unlikely because no 
tritium work has been performed in either of the laboratories involved. 
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RESULTS 

The results and noteworthy features of the cells are summarized in Tables 


1,2,3 and 4, some features of which are listed below. 

1) Electrodes produced tritium in different time domains (i.e cell A2 and 
A8) , of which some electrodes required lengthy low current density treatment 
(up to 9 weeks) before production. 

2) Ni gauze (NiC> 2 ) was the anode material in all experiments reported 
here, in contrast to platinum wire or gauze used by most investigators. 

3) The tritium concentration in solution (DT?) increases with time until 
it reaches an asymptote (Fig. 3), which can be interpreted in terms of the end 
point of production. Tritium production at the electrode ceases after some 
hours of activity (Figs. 2 and 3) 


4) Tritium from the D 2 -DT mixtures evolved from the electrode gives 
after recombination, to a solution concentration about 100 times greater 


that with which the gas off from the electrode is in equilibrium. 
DISCUSSION 




rise , 
than 


It can be shown that^ prolonged electrolysis of a solution regularly make 
up to constant volume by addition of D 2 O gives an isotope enrichment equal to 
the known separation factor of H,D,T, i.e at a negligible level compared to 
the results reported in Table 1 for the 9 most active cells.- 

Reports of tritium production can always be questioned as to 
contamination. Defence against each suspicion has to be made each time a new 

suspicion is expressed. Tables 3 & 4 show that an extensive program of 

checks and blanks has been performed . 

The electrode surface seems to be involved in the nuclear events implied 
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here since, according to Storms [2], a tritium producing Pd cathode, when made 
anodic in a virgin D 20 -LiOD solution, produced no tritium, i.e. none dissolved 
from inside the electrode. 

In further support of the present observations, several others have been 
made [2-5] . 

We are aware that, according to the classical theory of nuclear physics, 
when D-D fusion occurs, the rate of neutron production should be approximately 
equal to that of tritium. This is not observed in the present experimental 
program [6]. We believe that it is important firstly to establish the facts 
about tritium production on electrodes. The theory of electrochemical 
confinement will be discussed elsewhere. 
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TABLE 1 

CELL IDENTIFICATION, ELECTRODE TREATMENT, SOLUTION TYPE AND TRITIUM ACTIVITY 
OF ELECTROLYTE SAMPLES PERFORMED ON 1219 LSC 
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CELL 


ELECTRODE SOLUTION CORRECTED 3 H 

PRETREATMENT 3 ACTIVITY (dpmml" 1 ) 


Al 

A2 


No treatment 


0.1M LiOD 


3.8 x 10 4 


A3 

A4 

A5 

A6 

A7 


A8 


B3 (3mm) 
B5 (3mm) 


No treatment 0 . 1M LiOD + O.lmM NaCN 

After 16 days at 50 mAcm' 2 then 

for 8 hours at 500 mAcm" 2 (5/1/89) 168 

50 mAcm' 2 for 4 days (5/5/89) 134 

50 mAcm' 2 for 3 hours, 110 mAcm" 2 for 

1.1 x 1 


2 hours, 200 mAcm'^ for 20 minutes (5/6/89) 1. 

-o ._ .... V 


50 mAcm' 2 (5/7/89) 
(5/7/89 - 5/13/89) 
(5/13/89 - 6/6/89) 

Anneal 

Anneal 

Acid Etch 

Acid Etch 


0 ' 

1.4 x 10^ 




S> 


1.4 x 
1.1 x 


0.1M LiOD 
0.1M LiOD + O.lmM NaCN 


0.1M LiOD 


Electrochemical 0.1M LIOD 

Before high current density 
After 2 hours at 500 mAcm' 2 
After 6 hours at 500 mAcm' 2 
After 12 hours at 500 mAcm' 2 

Electrochemical 0.1M LiOD + O.lmM NaCN 

After 16 days charging and 8 hours 
high current density (5/1/89) 

Electrolyte levels after 6 weeks 
at 50 mAcm' 2 

Recombined gas levels after 2 weeks 
of external recombination at 50 mAcm' 2 


Anneal 
Acid Etch 


CELL 1 (6mm) No treatment 


0.1M LiOD 
0. 1M LiOD 
0.1M LiOD 


10 4 

7.5 x 10 3 
4.9 x 10 6 
1.2 x 10 5 
3.7 x 10 6 


0.1M LiOD + O.lmM NaCN 3.3 x 10^ 


102 

5223 

5.0 x 10 5 
7.6 x 10 5 


192 


5.0 x 10- 


5.0 x 10' 


6.3 x 10^ 


48 

117 


3 Key for electrode surface pre-treatment: Anneal = annealing at 800 °C, 10 ‘ ° 

torr , 8 hours; Acid etch in 5M HC1, 15 minutes; Electrochemical oxide 
removal , 2 hours 
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TABLE 2 

CONFIRMATORY RESULTS FROM OUTSIDE SOURCES ON VARIOUS SAMPLES 
CORRECTED 3 H ACTIVITY IN dpmml' 1 


HTO 


SAMPLE 

CELL 

1* 


CELL 2* 

STANDARD 

0.1M LiOD 

D 2 1 

INSTITUTION 










Texas A&M 

2.13 

X 

10 6 

1157 

7.23 

X 

10 5 

93 

47 

Battelle 

1.96 

X 

10 6 

1170 

8.08 

X 

10 5 

127 

140 

Argonne 

1.96 

X 

10 6 

1020 

7.59 

X 

10 5 

90 

114 

Los Alamos 

1.97 

X 

10 6 

800-1300 

6.50 

X 

10 5 


161 

General 

Motors 

1.80 

X 

10 6 

1000 




-NOT ANALYZED--- 



Cell 1 corresponds to cell Al in Table 1 approximately 1 week after the high 
current density treatment, whereas, cell 2 corresponds to cell A5 in Table 1 
before high current density treatment. 


<Q> 


A 






✓ 


ID 3 l 
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TABLE 3a 

BL£NK EXPERIMENTS DURING TRITIUM ANALYSIS 
PERFORMED ON THE 1219 COUNTER 


SAMPLE 

D 2 O Analysis #1 

D 2 O Analysis #2 

D 2 O Analysis #3 

D 2 O Analysis #4 

D 2 O Analysis #5 

D 2 O Analysis #6 

D 2 O Analysis #7 

D 2 O Analysis #8 

0.1M LiOD Analysis #1 

0.1M LiOD Analysis #2 

0.1M LiOD Analysis #3 

0.1M LiOD Analysis #4 

0.1M LiOD Analysis #5 

0.1M LiOD Analysis #6 

0.1M LiOD Analysis #7 

0.1M LiOD Analysis #8 

Neutralized 0.1M LiOD 

Neutralized 0.1M LiOD + O.lmM NaCN 

Dissolved nickel in acid Analysis #1 

Dissolved nickel in acid Analysis #2 

Dissolved nickel in acid Analysis #3 

Scintillation cocktail 


cpmml " ^ 

BACKGROUND CORRECTED 
ACTIVITY (dpmml' 1 ) 

65 

48 

70 

63 

67 

54 

60 

33 

50 

3 

71 

6 6 

75 

78 

62 

39 

75 

78 

70 

63 

74 

75 

65 

48 

60 

33 

66 

51 

76 

81 

70 

63 

73 

72 

76 

81 

78 

87 

80 

93 

76 

81 

49 
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TABLE 3b 

MEAN OF 10 BLANK EXPERIMENTS DURING TRITIUM ANALYSIS 
PERFORMED ON THE 1410 COUNTER 


SAMPLE 

cpmml ' ^ 

BACKGROUND ' 
ACTIVITY (d 

BIOSAFE II COCKTAIL 

170±13 

— 

H 2 O Analysis 

161±16 

0 

D£0 Analysis 

210±16 

100 

0.1M LiOD Analysis 

220±20 

125 

0.1M LiOH Analysis 

157±12 

0 

Dissolved Nickel in Nitric Acid 

140120 

0 

Tygon Tubing in NaOH 

105120 

0 

Rubber Stoppers in NaOH 

150120 

0 

Recombination Catalyst in NaOH 

140115 

0 

Dissolved Shavings from Cutters 

160111 

0 

Dissolved Shavings from Vacuum Chamber 

164117 

0 

Dissolved Shavings from Spotwelder 

155110 

0 



TABLE 4 

DETAILS OF CELLS THAT PRODUCED NO TRITIUM 
WITH 1410 LSC (CORRECTED ACTIVITY) 


EXPERIMENT 

dpmml ' 

3mm x 3cm Ti Cathode in 0.1M LiOD 
with internal gas recombination 

275 

3mm x 3cm Pd Cathode in 0.1M LiOD 
with internal gas recombination 

235 

3mm x 3cm Ti Cathode in 0.1M LiOD 
with internal gas recombination 

285 

0.5mm x 1cm Pd Cathode in 0 . 1M LiOD 
with internal gas recombination 

♦ ^ 55 

4mm x 2mm Pd disc Cathode in 0 . 1M LiOD 
with internal gas recombination 

365 

0.5mm x 1cm Pd Cathode in 0.1M LiOD 
with external gas recombination 
(recombined gases measured) 

315 

lmm x 4cm Pd Cathode in 0 . 1M LiOD 
with external gas recombination 
(recombined gases measured 7/18/89) 

75 

lmm x 4cm Pd Cathode in 0 . 1M LiOD 
with external gas recombination 
(recombined gases measured 7/21/89) 

33 

lmm x 4cm Pd Cathode in 0.1M LiOH (H 2 O) 
No gas recombination 

0 


lmm x 4cm Pd Cathode in 0.1M LiOH (H 2 O) 
No gas recombination 


18 
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FIGURE CAPTIONS 

Figure 1. The effect of electrolyte concentration on chemiluminescence of the 
scintillation cocktail. 

Figure 2. The production of tritium in the electrolyte of cell A2 as a 
function of time (ordinate gives date). 

Figure 3. The production of tritium in the electrolyte of cell A7 as a 
function of time. 
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ABSTRACT 


It has been reported recently in the literature that unexpected thermal and 
nuclear effects (production of excess heat, neutrons, 7 -rays, and tritium) can occur 
during the electrolysis of heavy water at palladium or titanium electrodes, or during 
temperature and pressure cycling of the titanium/deuterium gas system. We have 
attempted to reproduce some of these experiments. A variety of electrochemical cells 
having palladium cathodes in the form of wires, tubes, sheets and rods have been 
used to electrolyse heavy water containing 0.1 mol. dm ' 3 LiOH, 0.1 mol. dm 3 LiOD or 
0.5 mol. dm ' 3 D 3 P0 4 . Current densities of up to 200 mA.cm 2 were applied. The 
mass of the palladium cathodes covered the range from 1 to 40 grams and the 
surface area varied from 8 to 140 cm 2 . Neutron detection systems with low 
constant backgrounds were used to search for neutron emission during electrolysis. 
These included 3 He- and 10 BF 3 -based detectors. After running some of the cells for 
more than 30 days, no neutron emission above background could be detected. This 
puts upper limits of 0.5 s 1 and 2xl0 23 fus.D-D.s 1 on the neutron emission and the 
fusion rate, respectively. A sensitive and accurate heat-flow calorimeter was built 
and used to monitor the energy balance of some of the cells during electrolysis. No 
unexpected heat effects were observed. This puts an upper limit of 0.13 W.cm 3 on 
the specific excess power. No enrichment of the electrolyte in tritium was evident 
after electrolysis. Experiments were also performed with the titanium/deuterium gas 
system. These consisted of exposing titanium metal to a deuterium gas pressure of 
40 atmospheres, lowering the temperature to -196°C, releasing the pressure and 
gradually warming the titanium to room temperature. No neutron emission above 
background was observed during these experiments, which puts upper limits of 
0.5 s 1 and 4xl0 ' 25 fus.D-D.s ' 1 on the neutron emission and fusion rate, respectively. 
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INTRODUCTION 


Three papers have appeared recently that report the occurrence of unexpect- 
ed thermal and nuclear effects (i.e., production of excess heat, neutrons, 7 -rays and 
tritium) during the electrolysis of heavy water at palladium or titanium electrodes at 
room temperature and atmospheric pressure* 1 ’ 3 '. These effects were attributed to 
nuclear fusion of deuterium at, or in. the palladium or titanium electrodes. The 
emission of bursts of neutrons has been reported recently for the system 
titanium/deuterium gas following pressure and temperature cycling and has also 
been attributed to fusion of deuterium* 4 '. We have attempted to duplicate some of 


these experiments. 


Nuclear fusion of deuterium should result in the production of heat, 
neutrons, 7 -rays, tritium and helium through nuclear reactions such as 

2 D + 2 D - 3 T (1.01 MeV) + *H (3.02 MeV) (42%) [1] 

2 D + 2 D - 3 He (0.82 MeV) + n (2.45 MeV) (58%) [2] 

2 D + 2 D - 4 He (0.076 MeV) + 7 (23.772) MeV (~10’ 4 %) [3] 

'H + n - 2 D + 7 (2.225 MeV) . [4] 

The following reactions could also occur, if hydrogen and lithium are present: 

2 D + - 3 He + 7 (5.49 MeV) [5] 

2 D + 6 Li + 4 He + 4 He + 22.4 MeV . [ 6 ] 


Here n signifies neutron, 7 stands for 7 -ray and the percentages are the 
branching fractions measured for nuclei screened by muons* 5 '; the branching factors 
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should not be much different for nuclei screened by electrons. The rates of 
reactions [1] and [2] are thus approximately equal, whereas reaction [3] has a much 
lower rate, even at low energies* 6 ^. Reaction [4] describes the final interaction 
between fast neutrons and hydrogenated materials. Theoretical calculations^ ^ show 
that reaction [5] could be an important pathway for nuclear fusion at low energies 
if hydrogen is present, the estimated rate being of the same order of magnitude as 
that of reactions [1] and [2], if a hypothetical enhancement of the electron mass by 
a factor >5 is considered. Reaction [6] is expected to be insignificant at low 
energies since Coulomb repulsion is large, as is the internuclear separation^ L 

Because heat can be produced by a variety of chemical and metallurgical 
phenomena, our experiments have initially focussed on the detection of neutrons, 
-y-rays and tritium as evidence of nuclear fusion in electrolytic cells, and in the 
detection of neutrons in the titanium/deuterium gas system. Later on, a calorimeter 
was built and used to measure the energy balance in electrolytic cells. No evidence 
of nuclear or unanticipated heat effects was obtained in any of our experiments. 
Because many of the parameters that could be important in producing the 
previously reported nuclear and heat effects are not yet known, we describe our 
experimental procedures in more detail than is customary. 

EXPERIMENTAL 

Electrochemistry 

The electrochemical experiments consisted in electrolysing 0.1 mol. dm 3 
solutions of LiOH or LiOD in D 2 0 at various current densities, using palladium 
cathodes and platinum anodes. The LiOH or LiOD solutions were prepared by 
dissolving lithium hydroxide, lithium oxide or lithium metal in 99.97% or 99.99% 
D 2 0. In one instance, a 0.5 mol.dm' 3 D 3 P0 4 /D 2 0 solution, obtained by dissolving 
p 0 in 99.99% D 0, was used as the electrolyte. The initial tritium content of the 

2 5 2 
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99.97% D 2 0 was 14.7±0.1 Bq.cm' 3 whereas the initial tritium content of the 99.99% 
D 2 0 was 2.43±0.06 Bq.cm' 3 , as determined by liquid scintillation counting. For 
comparison, distilled H 2 0 was found to contain tritium at a level of 
0.47±0.01 Bq.cm' 3 . Various constant-current sources were used to perform the 
electrolysis, including regulated power supplies, a model 173 potentiostat from 
Princeton Applied Research operating in galvanostat mode and a lead/acid automo- 
tive battery (12 Volts) with an automotive battery charger and a ballast resistor. 

The currents and voltages were measured with digital multimeters. The experiments 
were performed with a variety of palladium cathodes and electrochemical cells as 
described below. 

Electrochemical cells made of borosilicate glass or quartz and having 
palladium cathodes in the form of wires, tubes, sheets and rods were used. Current 
densities of up to 200 mA.cm' 2 were applied. The mass of the palladium cathodes 
covered the range from 1 to 40 grams and the surface area varied from 8 to 
140 cm 2 . Electrolysis time ranged from 0.5 to more than 30 days. The temperature 
ranged from 16 to 50°C. Some of the cathodes were subjected to chemical analyses 
before electrolysis; impurities levels ranged from 3 atom % silver for a commercial 
palladium/silver alloy to ppm amounts of silver and silicon for a sample of high 
purity palladium sponge. Various cathode surface preparation techniques were used 
including abrasion, electropolishing, etching in acid solutions and simple cleaning 
with solvents. Some of the cathodes were arc-melted, cast, annealed and cold- 
worked. Others were used as received from the supplier (Johnson Matthey, 99.95%). 
An interesting aspect of some of the cells (cells 3-5) is the use of a wetproofed 
catalyst contained in a water-cooled condenser above the aqueous phase. The 
catalyst, developed by Atomic Energy of Canada Limited, can recombine D 2 and 0 2 
with high efficiency at low temperature even in the presence of moisture^ 11 '. This 
arrangement offers many advantages; evaporative losses of D 2 0 are eliminated, elec- 
trolytic enrichment of tritium is also eliminated and calorimetric measurements are 
simplified, as discussed later. Table I summarizes the electrochemical parameters for 
the various cells whereas Table II lists the chemical characteristics of the electrodes 
and electrolytes. Figure 1 is a schematic representation of a typical electrolytic cell. 
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A current density of 20 mA.cm' 2 (requiring 5 V) was applied to the cathode 
of cell 1 for four days. About 70% of the surface area of the cathode was 
submerged. The current density was then increased to 70 mA.cm' 2 (at 6 V) for 
three additional days. The cathode was then transferred to cell 2, where it was 
subjected to current densities ranging from 80 to 200 mA.cm' 2 over a period of 
more than 30 days. A current density of 80 mA.cm' 2 was applied to the rod and 
sheet cathodes of cell 2 for a total of seven days after which the experiment was 
terminated. Due to the design of that cell, only 60% of the surface area of the 
cathodes were submerged. A current density of 106 mA.cm' 2 (6 V) was applied to 
the rod cathode of cell 3 for five days; the cathode was completely submerged. The 
electrode was removed from cell 3, abraded with 600-grit silicon carbide paper and 
transferred to cell 4 where it was subjected to current densities ranging from 100 
to 170 mA.cm 2 (6.6 V) for 26 days while being completely submerged. Current 
densities of 53 to 180 mA.cm' 2 (6.4 V) were applied to the cathode in cell 5 for a 
period of 45 days. The cathode was completely submerged and the cell was purged 
continuously with deuterium gas. Cell 6 has been electrolysed at a current density 
of 70 to 100 mA.cm' 2 for 28 days. The cathode was completely submerged. Cell 7 
was subjected to a current density of 100 mA.cm 2 for a period of about 24 hours. 
Cell 8 was subjected to a current density of 80 to 90 mA.cm' 2 for a period of 
12 hours whereas cells 9 and 10 were electrolysed at a current density of 
64 mA.cm' 2 for a period of 12 hours. Cell 11 was electrolysed at a current density 
of 100 mA.cm 2 for 60 hours. The cathodes in cells 7-11 were completely 
submerged. Except for the sheet cathode in cell 3, all of the palladium cathodes 
turned dull grey after a few hours of electrolysis and mottled black on the bottom 
part of the electrodes after a few days. The test matrix, i.e. which cell was used in 
what neutron detector for how long, can be inferred from Table IV. 

Neutron Detection 

Neutron detection was performed with moderated systems using 3 He or 
10 BF 3 detectors. The systems were shielded from external neutrons with cadmium 
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and wax, plastic, concrete or light water. Moderation was accomplished with wax or 
plastic. The various neutron detection systems are described in Table III. Neutron 
detector CRNL 3 was the most extensively used. This detection system, which is 
illustrated in Figure 2, contains five 3 He detectors selected for their low background. 
The background summed over all five detectors, as measured with unpowered cells, 
is low and constant at (8.3±0.4)xl0 3 s' 1 . The efficiency of the detector was 
determined using Pu/Li, Pu/Be and 252 Cf neutron sources having neutron emissions 
of the order of 10 4 to 10 5 s' 1 . The sources were placed in the center of quartz 
tubes of the same geometry and size as for cells 4 and 5 and containing the same 
amount of water or heavy water as the electrolytic cells so that moderation by 
water could be taken into account. The overall detector efficiency for 2.5-MeV 
neutrons was found to be 1.6±0.8%. Except for detector CRNL 4, the efficiencies of 
the other detectors were estimated. The test matrix, i.e. which electrolytic cell was 
used in what neutron detector and for how long, can be inferred from Table IV. 

A 7.5x7.5-cm sodium iodide scintillation detector was used to monitor for the 2.22- 
MeV neutron capture 7-rays (reaction [4]) from the wax moderator during the 
experiments with cell 1. The overall efficiency of the detector for these 2.22-MeV 
7-rays, including solid angle, is estimated at 0.1% or less, much lower than the 
efficiency of the other neutron detection systems. 

Calorimetry 

Crude calorimetric measurements could be performed with cells 3-5, 10 
and 11 by measuring the temperature of the cooling water at the inlet and outlet 
of the cooling jacket surrounding the cells. If the flow of cooling water to the cell 
jacket is adjusted so that the temperature of the cell is constant, the power output 
of the cell, P , is given by 


P 


out 


f-ATC 

p 


[7] 
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where f is the flow rate in g.s' 1 , AT is the temperature difference between the 
outlet and the inlet in °C and C p is the heat capacity of water in J.g . C . The 
power input to the cell, P jn is given by: 

P. = VI [8] 

in 

where V is the applied potential in Volts and I is the cell current in Amperes. For 
a typical flow rate of 10 g.s' 1 , the minimum detectable excess power (P out -P, n ) was 
about one Watt. For comparison, the excess power ("excess rate of heating ) 
reported by Fleischmann et al J 1 ^ for a large rod electrode (0.4x10 cm) is 
1.75 Watts. 

A more sensitive and accurate heat-flow calorimeter was built and is illustrated in 
Figure 4. The calorimeter consists of a submersible glass cell containing the 
electrolyte, electrodes and wetproofed catalyst, an insulated vacuum bottle containing 
the cell and a water circulating system. The whole system is kept in a temperature- 
controlled environment. Water from a reservoir maintained at a constant temperature 
flows at a known flow rate through a copper coil surrounding the cell which is 
itself submerged in water in an insulated vacuum bottle. The average flow rate is 
determined by measuring the weight of the circulated water as a function of time. 
Thermocouples are used to measure the temperature of the water in the coil at the 
inlet and outlet of the vacuum bottle as well as the temperature of the water 
surrounding the cell. The power output (in Watts) of the cell is given by equation 
[7] whereas the power input is given by equation [8]. The data, including the 
applied voltage and current, were collected with a microcomputer-based data 
acquisition system. 

Since all of the evolved gases (D 2 and 0,) are recombined inside the calo- 
rimeter with an efficiency of 100%, the cell is a closed system with no mass trans- 
fer to the outside taking place. This simplifies energy balance calculations because 
the power used to electrolyse heavy water does not have to be taken into account 
and no water vapor escapes from the cell. The calorimeter was tested and 
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calibrated using resistance heaters. The relative accuracy of the instrument is better 
than 1 % of the power input for typical powers of 5 to 20 W. The heat-loss coeffi- 
cient was found to be 0.35 W^C' 1 for temperatures of about 30°C. Because the 
entire energy output of the cell is measured, the calorimeter is not sensitive to 
thermal gradients and no stirring of the electrolyte is required. The thermal response 
time of the system is about one hour. 

The cathode rod from cell 2 was cut down to a length of 4 cm giving a 
palladium rod of dimensions 4.0x0.7 cm. The cathode was used to electrolyse a 
0.1 mol. dm' 3 LiOD/D 2 0 solution in the calorimeter at current densities ranging 
from 150 to 300 mA.cm' 2 , requiring a power input of 5 to 20 Watts. After 27 days 
of electrolysis time, the electrolyte was made 5xl0' 3 mol. dm 3 in As 2 0 3 to inhibit 
the recombination of atomic hydrogen on the electrode surface (recombination 
poisoning). The electrolysis was continued for 20 additional days at a typical 
current density of 500 mA.cm 2 requiring a power input of 30 Watts. 

A 4.5x0.6-cm palladium rod obtained from Johnson Matthey with a stated 
purity of 99.95% was used to electrolyse a 0.1 mol. dm' 3 Li0D/D 2 0 solution at a 
typical current density of 150 mA.cm' 2 requiring a power input of 15 Watts. The 
electrolysis lasted for 18 days. 

Deuterium Loading 

The deuterium content of some of the palladium cathodes was measured 
after electrolysis using a thermal desorption technique. These analyses were 
performed by ramping the temperature of a weighed portion of palladium cathode 
from 20 to 900°C and measuring the resulting increase in pressure, using a system 
in frequent use to determine the hydrogen content of zirconium over a wide range 
of hydrogen concentrations. Mass spectrometric measurements confirmed that the 
evolved gas was deuterium. 
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Tritium Analysis 

The tritium analyses were performed by liquid scintillation counting, after 
distillation to remove dissolved salts. 

Titanium/Deuterium Gas System 

Experiments were also performed to attempt to duplicate the results 
reported recently for a metal/deuterium gas system^. One hundred grams of titani- 
um metal sponge, contained in a stainless steel cylinder, was annealed under 
vacuum at 600°C for two hours. The titanium was allowed to cool to approximately 
350°C and then exposed to deuterium gas at a pressure of two atmospheres. This 
pressure was maintained until the titanium cooled to 50°C and was then increased 
to 40 atmospheres. The pressure was maintained at 40 atmospheres for 18 hours 
and the cylinder was then sealed. 

The cylinder was immersed in liquid nitrogen. Neutron counting was started 
within two minutes using detector 5 and continued for 19 hours while the cylinder 
was maintained at liquid nitrogen temperature. The accumulated counts were 
recorded every 30 minutes. The deuterium gas pressure was then quickly reduced to 
atmospheric pressure. After an hour, the remaining deuterium was pumped out, to a 
pressure of 10 3 atmosphere, and the system was gradually warmed to room temper- 
ature over a period of 21 hours. 

In a second experiment, the pressure and temperature were changed more 
rapidly. The cylinder containing titanium sponge was pressurized to 40 atmospheres 
using deuterium gas. This pressure was maintained while the temperature of the 
cylinder was lowered to that of liquid nitrogen. It was maintained at that tempera- 
ture for 24 hours. The pressure was then released, the cylinder was pumped down 
to a pressure of 10' 3 atmosphere and the temperature gradually increased to room 
temperature. Neutron counting started immediately using detector 5 and continued 
for 30 hours, the accumulated counts being recorded every 30 minutes. 
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RESULTS 


Neutron detection 


No neutron emission above background was observed for any of the electro- 
lytic cells with any of the neutron detectors. No 7-ray emission above background 
was observed for cell 1. Neutron detector CRNL 3 has been the most extensively 
used. Figure 4 shows typical results obtained over a period of a fifteen days with 
cells 4 and 5 in that detector. A low, constant, signal of (8.3 ±0.6)xl0 3 s 1 is 
observed. That is not significantly different from the background measured with an 
unpowered cell in the detector. Table IV summarizes the upper limits of neutron 
emission and fusion rate observed with the various cells and neutron detectors. The 
upper limits of neutron emission were calculated for a counting interval of one hour 

assuming that for a signal to be detectable, the observed signal minus background 

yC 

value has to be at least three times the standard deviation of that observed signal 
minus background value (99.7% confidence limit). The upper limits for fusion rate 
were calculated using an arbitrarily selected deuterium to palladium atom ratio of 
0.7 and assuming that fusion occurs exclusively through reactions [1] and [2]. 


Calorimetry 


No unexpected heat effects were observed during electrolysis with cells that 
were equipped with crude temperature measurement systems (cells 3-5, 10 and 11). 
No excess power could be observed either when cells were electrolysed in the more 
sensitive and accurate heat-flow calorimeter. This puts an upper limit of 200 mW 
on the excess power, which corresponds to a maximum specific excess power of 
0.13 W.cm' 3 for the cells used in the heat-flow calorimeter. 
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Deuterium Loading 

The deuterium content of parts of the palladium wire cathode used in 
cells 1, and 2 was measured after 25 days of nearly continuous electrolysis, using 
thermal desorption. A deuterium/palladium ratio of 0.72 was obtained for three 
different samples, indicating that the electrodes had been charged to the palladium 
hydride /J-phase* 12 ). This represents a lower limit since some deuterium may have 
been lost during the transfer of the palladium sample from the electrochemical cell 
to the thermal desorption unit. Hydrogen/palladium ratios of close to 0.9 have been 
reported for thin foils (0.001x0.2x5 cm) electrolysed in acid solutions for 30 minutes 
at a current density of 100 mA.cm' 2 * 13 *; most of the hydrogen was released from 
the cathode within 10 seconds of the current interruption. 

Tritium Analyses 

The tritium content of the solutions were measured both before and after 
electrolysis for some of the cells (cells 2, 4, 5, 8-10) and for the cells used in the 
calorimeter. Corrections were made for evaporative losses of D 2 0 for the cells that 
did not have a catalytic recombiner. No excess tritium was present after electrolysis 
in these cells. 

Titanium/Deuterium Gas System 

No neutron emission above background was observed in the experiments 
performed with the titanium/deuterium gas system. The upper limits for neutron 
emission and fusion rate are given in Table IV. The fusion rate was calculated 
using a deuterium to titanium atom ratio of 2.0 and assuming that fusion occurs 
exclusively through reactions [1] and [2]. 
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DISCUSSION 


Fleischmann et al J 1 * report a neutron emission of 4xl0 4 s' 1 , measured with 
a Bonner-sphere type instrument following the electrolysis of 0.1 mol. dm' 3 
LiOD/(99.5% D 2 O+0.5% H 2 0) at a 0.4xl0-cm palladium rod cathode, using a 
current density of 64 mA.cm' 2 . They also observed the production of excess power 
during electrolysis. The specific excess power ranged from 0.095 to 2.7 W.cm 3 
depending on electrode size, electrode geometry and current density. A total excess 
energy output of 4 MJ.cm' 3 over 120 hours is claimed. It should be noted that if 
the excess power resulted from reactions [1] and [2], then the corresponding 
neutron emission should be of the order of 10 13 s' 1 , a factor 10 9 higher than that 
measured. No mention is made of the electrolysis time required before excess heat 
and neutron emission occur. Tritium was detected to the extent of about 
1.7 Bq.cm' 3 in the electrolyte of cells containing O.lxlO-cm palladium rods after 
electrolysis at 55 mA.cm' 2 . No mention is made of the initial tritium content of the 
D 2 0. Fleischmann et al .* 1 * also report the emission of 2.2-MeV 7-rays during 
electrolysis at a 0.8xl0-cm palladium rod, which they attribute to reaction [4]. This 
was, however, subsequently questioned* 1416 *. 

Grundler et al .* 2 * report a neutron emission of 36 s' 1 measured with a simi- 
lar instrument following the electrolysis of 3 mol. dm' 3 LiOD/D 2 0 at a 1.66x0. 7-cm 
palladium rod. The neutron emission lasted for about 60 hours and is reported to 
have occurred after a total of about 120 hours of electrolysis at current densities 
increasing in steps from 40 to 570 mA.cm' 2 . Excess power was detected simulta- 
neously with the neutron emission. The specific excess power ranged from 0.64 to 
2.29 W.cm' 3 yielding a total excess energy output of about 0.8 MJ over 120 hours. 
Again, if reactions [1] and [2] are the dominant ones, the excess power is much 
higher than expected from the reported neutron emission. 

Jones et al .* 3 * report a neutron emission of the order of 0.06 to 0.4 s' 1 at 
2.5 MeV, measured with a liquid-scintillation neutron spectrometer. This was 
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obtained during the electrolysis of heavy water containing an acid mixture of salts 
at titanium or palladium cathodes. The neutron emission is reported to occur after 
approximately one hour of electrolysis time and to last for about eight hours. From 
their data, we estimate that a current density of less than 150 mA.cm 2 was used. 
No measurement of excess power was performed. 

De Ninno et al .* 4 * report the emission of bursts of neutrons at an average 
rate of about 10 3 s' 1 , measured with a 10 BF 3 detector. This was observed following 
temperature and pressure cycling of a cylinder containing 100 grams of titanium 
shavings and deuterium gas. The neutron emissions lasted from 15 to 40 hours. 

The above results are summarized in Table IV. We believe that the experi- 
mental conditions for our electrolyses are close to those reported in references (1) 
and (2). Fleischmann et al J 1 * mention that the excess power observed during elec- 
trolysis is a bulk effect and depends on the current density, among other 
parameters. Figure 5 is a plot of the excess power reported by Fleischmann 
against the product of the mass of the palladium cathode times current density as 
used in their experiments. The conditions corresponding to their neutron emission 
and tritium accumulation are also indicated. The arrows on the upper part of the 
plot show the combinations of palladium mass and current density used in our 
experiments. It can be seen that as far as these two parameters are concerned, our 
experimental conditions overlap with those used in reference (1). Our neutron detec- 
tion efficiency is higher by a factor 10 4 and our background is lower by a 
factor 10 6 . Our neutron detection efficiency is also higher than in reference (2) by a 
factor five and our background is lower by a factor 10 3 . Our calorimetric system 
was sensitive enough to detect the excess specific power reported in (1) and (2). 
The experimental sections of references (1) and (2) are, however, quite brief and it 
is possible that important details have been inadvertently omitted. As an example, 
no accurate mention of electrolysis time is made in reference (1) except for a state- 
ment that some experiments were run in excess of 120 hours. 
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Jones £L_al. ,3) describe their experiments in somewhat more detail. As can 
be seen from Table IV, our neutron detection efficiency and background are such 
that we would not detect their reported neutron emission. Moreover, their experi- 
mental conditions were significantly different from ours (acid solutions, presence of 
transition metal ions and use of multiple cells in the neutron detector). We cannot 
thus comment further on their results. 

The experimental conditions used for our study of the 
titanium/deuterium gas system are close to those reported in reference (4). Our 
neutron detection efficiency is higher by a factor 10 3 and our background is lower 
by a factor 10 3 . 

CONCLUSION 

We have used sensitive neutron detectors with low constant backgrounds to 
measure the neutron emission during electrolysis of heavy water containing 
0.1 mol. dm' 3 LiOH, 0.1 mol. dm' 3 LiOD or 0.5 mol. dm' 3 D 3 P0 4 . A variety of 
electrochemical cells having palladium cathodes in the form of wires, tubes, sheets 
and rods have been used. The surface area, volume, chemical purity and surface 
preparation of the cathodes have been varied. We have also used a sensitive and 
accurate heat-flow calorimeter to measure the energy balance during electrolysis with 
some of the cells. No neutron emission above background was observed for any of 
the electrolytic cells with any of the neutron detectors. No excess power could be 
observed in the calorimetric experiments. 

Either the previously reported observations of nuclear and heat effects during 
the long-term electrolysis of heavy water at palladium electrodes' 1,2 ’ and in the 
titanium/deuterium gas system^ are artifacts, or else our conditions are sufficiently 
different from those used in references (1,2,4) that similar effects do not occur in 


McCracken, Paquette et al., "In Search of Cold Fusion... 


16 . 


our experiments. The much smaller neutron emission reported by Jones £L_aiJ 3 * is 
below the detection limit of our neutron detectors. 

It is possible that the reported nuclear and heat effects in electrolytic cells 
depend on on subtle surface, chemical or metallurgical properties of the palladium 
cathode or on electrochemical parameters such as higher current densities or longer 
electrolysis times. Similar comments can be made for the titanium/deuterium gas 
system. More experimentation and time will tell. 
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Figure 1. 
Figure 2. 
Figure 3. 

Figure 4. 

Figure 5. 


FIGURE CAPTION 


Schematic view of a typical electrolytic cell. 

Schematic view of the neutron detection system CRNL 3. 

Counts.hr 1 observed with detector CRNL 3 during the electrolysis of 
0.1 mol. dm' 3 Li0H/D 2 0 in cells 4 and 5. 

Schematic view of the heat-flow calorimeter: a) cooling water and cover 
gas system, b) calorimeter and c) electrolytic cell. 

Plot of excess power against the product of the palladium cathode mass 
times the current density. The dark circles are data from (1). The vertical 
dashed lines represent the conditions where neutron emission and tritium 
accumulation have been reported*^. The arrows in the upper part repre- 
sent the combinations of palladium mass and current density used in our 
experiments. 


Table I. Summary of electrochemical parameters for the electrolytic cells. 
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Table IV. Neutron detection summary 
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a) calculated assuming that fusion occurs exclusively through reactions HI and 121: bl counting interval. 
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